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Abstract — The motivation of this study is to observe the
compressibility of the tongue during speech. The tongue has a
complicated muscular structure. Real-time MRI (16 frames/s)
with tagging has been used for imaging during the utterance of
four short syllables, "'sha", "ga", "ta" and "ba." Four-
dimensional parametric motion field analysis has been
used which allows point tracking everywhere on the
tongue. In this paper, 3D compression and expansion analysis
of the tongue will be presented. Patterns of expansion and
compression have been compared for different syllables and
various repetitions of each syllable. The long-term objective of
this research is to provide important information about the
motion of the internal tongue muscles and shed light on the
intricate relationship between these muscles and the final shape
of the tongue during regular and abnormal speech patterns.
Keywords —tongue motion, speech analysis, 4D B-splines

I. INTRODUCTION
This paper analyzes and describes the compressibility of the
tongue during speech using real-time MR images with tagging
at a 62 msec temporal resolution. We compared the maximum
compression and expansion of the tongue during the utterance

of four short syllables, "sha", "ga", "ta" and "ba". The
acquisition of images was done several times for each syllable
and the compression/expansion of the tongue was measured.

Previous work on this topic relied on finite element
methods [1] or ultrasound imaging, the latter being restricted to
surface analysis [2]. Early MRI studies in this field have
examined non-speech movements [3] and static speech [4]. For
dynamic MR imaging; first, several oblique slices that are
orthogonal to the surface were proposed [5]. Also, a
synchronized sampling technique was borrowed from cardiac
imaging for tongue imaging [6]. Using this technique, last year
for the first time, MR tagging for tongue motion analysis was
introduced [7] and the principle strains of the tongue were
obtained [8]. At that time, the subject had to repeat each
syllable 13 times for each slice. In this study, sample images,
compression and expansion analysis of real time MRI (16
images/s) with tagging are presented based on a single
repetition per slice.

1l. METHODS

A 26-year-old male, native speaker of English with no
dental fillings was used for the study. Four consonant-to-vowel
syllables ("sha,” "ga,"” "ta," "ba") were chosen as the speech
material for their large tongue motions and short durations.
Only one repetition per slice was needed to acquire all 16
phases of a given slice. However, the subject repeated each

syllable several times at a rate of one per second, from an
auditory cue, to provide repeatability data. At each slice,
three syllable repetitions were acquired (only two for "ga").
A gating input was provided to the scanner in sync with the
cue. During one second, 16 phases were obtained for a given
slice (Figure 1). The acquisition was repeated for all the
syllables and slices (3 sagittal and 8 axial slices), with grid
tagging. We used a modified gated multi-echo SPGR
sequence in a 1.5 T GE Signa Cardiac Scanner. (TR 11.3
ms, TE 1.5 ms, FA 10, ETL 8, NVP 40, BW 125, 128 x 96
matrix, NEX 0.8, FOV 30x15 cm, ST 7mm, tag spacing 5).
Following contouring and tag segmentation (using XBS and
Findtags) a four-dimensional B-spline based parametric
motion field was computed for a volume of interest
encompassing the whole tongue [9]. Using this motion field,
3D displacements, velocities and strains can be calculated at
any material point inside the tongue.
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Figure 1: Real-time, tagged MRI images of the tongue during the
syllable “ga” at three selected time frames.

4D B-spline Motion Field
We describe the motion of the tongue as a four-
dimensional B-spline forward motion field:
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By this motion field we have a parametric representation
of the material coordinate displacement field. The
displacement gradient can be computed at each point
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where U; is the ith component of the material displacement
field and X; is the material coordinate position vector. The
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displacement gradient at any point can then be computed by
differentiating the 4D B-spline motion field as:

8ur = 2. 2,2, 2, B/ (x)B,()B, (2)B,(1)C.,...

where B’ is the derivative of the B-spline basis function. The
determinant of this point displacement gradient gives us the
local compression/expansion value at that point, i.e. alpha.

I1l. RESULTS & DISCUSSION

In our previous study we analyzed the 2D displacement of
the surface points of the tongue. These points were found by
intersecting the tag lines with surface contours at each time
frame. It was shown that tongue motion was consistent with
respect to subject repeatability [10].

In this study we completed the full 4D analysis of the
tongue motion for all syllables. For the repetition analysis, we
display here the results of one syllable "sha,” in which the
tongue moves down and back. In Figure 2, if we observe the
first image group (sagittal), we see that for the first repetition,
there is compression (red) in the upper-central and lower-front
regions of the tongue, and expansion under the tip and in the
root. Repetitions 2 and 3 show expansion either below the tip
(2) or in the root (3), indicating a trade-off between these two
regions. Similarly, repetition 2 does not have lower-front
compression. Muscle trade-offs allow different muscle
combinations to produce the same surface shape, facilitating
coordination of complex speech gestures. In the axial image
group, the center of the tongue compresses maximally. The
outer regions show expansion. The compression region differs
a little for the second repetition. It shifts to the left-bottom. In
all repetitions, the tongue performs about 22 per cent
compression and 20 per cent expansion. The range of alpha
values are; for the first repetition 1,218 & 0,785, for the second
repetition 1,234 & 0,788, and for the third repetition 1,208 &
0,818. These values indicate that tongue compression values of
different repetitions for syllable “sha” are consistent.

Compression and expansion percentages of repetitions of
the other syllables are; 18 per cent compression and 26 per cent
expansion for "ta"; 23 per cent compression and 33 per cent
expansion for "ga"; 23 per cent for both compression and
expansion for "ba". The range of alpha values are; for "ta"
1,149 & 0,802 (first repetition), 1,259 & 0,700 (second rep.),
1,176 & 0,691 (third rep.); for "ga" 1,291 & 0,580 (first), 1,118
& 0,730 (second), 1,230 & 0,669 (third); and for "ba" 1,263 &
0,776 (first), 1,214 & 0,769 (second). The maximum and
minimum compressions are observed in the first and second
repetitions of syllable "ga" with 29 and 12 per cent,
respectively. Maximum expansion is in the first repetition of
"ga" with 42 per cent, whereas the minimum expansion is
observed in the third repetition of "sha" with 18 per cent.

If we are to observe compression of tongue for different
syllables, let’s take a look at the Figure 4. In the first column
all the syllables start with the first image at about 40 msec. For
"sha", we observe two compression regions; one in the upper-

center and the other in the bottom-left part of the tongue. The
latter can be a trade-off or due to artifacts sometimes seen at
the edges of segmented volumes in our motion field analysis.
The syllable "ta" compresses in the lower tongue tip,
consistent with rapid tip lowering from the “t” to the “a.”.
"Ba" compresses in the upper-back part of the tongue. Since
the “b” does not engage the tongue, motion into the “a” is
from a neutral position. In that case, unlike the others the
tongue moves up and back, compressing as it reverses
direction. On the other hand, as a surprising result, we do not
observe that much compression in "ga". We would have
expected a downward and backward compression. Let’s take
a look at the axial compressions of syllables (Figure 4). The
tongue compresses in the middle for all the syllables, except
"ta". "Sha" compresses in the middle-left region of the
tongue, whereas "ta" compresses in the front. "Ga" exhibits
compression beginning in the bottom-center and spreading to
the right of the tip, however "ba" has compression limited to
the center region. We observe expansion in the front-right
regions of the tongue in "sha", but "ta" mainly expands in the
back. Expansion in "ga" is observed in the left-outer side of
the tongue, however "ba" expands around the edges.

Maximum compression and expansion values of tongue
motion for the first repetitions of all the syllables are; for
“sha” 1,218 & 0,785; for "ta" 1,149 & 0,802; for "ga" 1,291
& 0,580; and for "ba" 1,263 & 0,776. "Sha", "ta", "ga", "ba"
perform about 21, 17, 30, 25 per cent compression and
expansion, respectively. Within the first repetitions of the
syllables we observe maximum compression and expansion
in "ga", minimum compression and expansion in "ta".

IV. CONCLUSION

We show for the first time detailed compression and
expansion analysis during the uttering of certain syllables
everywhere in the tongue. These results came as the first by-
products of the four-dimensional motion field analysis of
tagged-MR imaging of the tongue. Detailed findings of this
initial study provide us the framework for planning detailed
experiments, where we aim for detailed motion analysis
during normal and abnormal speech.
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Figure 2: 4D B-spline motion field analysis of sagittal tongue motion for all three repetitions of syllable sha”". Images of each column belong to a unique
time interval. Each row of images belongs to the same repetition.
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Figure 3: 4D B-spline motion field analysis of axial tongue motion for all three repetitions of syllable "sha'". Images of each column belong to a unique time
interval. Each row of images belong to the same repetition.
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Figure 4: Different compression characteristics of different syllables. We see eight images, four sagittal and four axial, for each syllable. In the figure, the first
four rows show the sagittal images and the rest rows below show the axial ones. Images in each column belong to the same time interval as indicated.
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